This work enhances our understanding of catchment-scale N budgets by demonstrating the modification and application of a simple method for direct in situ measurements of vadose zone nitrate leaching and attenuation. We developed a soil passive flux meter (SPFM) to measure solute leaching based on a modified design of ion-exchange resin columns, and we tested the design in numerical simulations, laboratory experiments, plot-scale field experiments, and a catchment-scale field deployment. Our design minimized flow divergence around the resin column to attain nearly 100% capture of surface applied tracers in plot-and catchment-scale deployments. We found that mixing resin with native soil and extending the column height 10 cm above the resin layer minimized divergence of soil water around the column, resulting in a field-measured convergence factor (c) of 1.3 that was consistent with numerical simulations. For catchment-scale testing, SPFMs were used at nine sites in three dominant land uses (crop, pasture, and turf ) with known N inputs in two deployments, one during the 4-mo wet season and an additional set during the 8-mo dry season, to obtain integral annual measures of soil nitrate fluxes. In situ measured nitrate leaching determined from the SPFMs was positively correlated with known N inputs (R 2 = 0.55, p < 0.05) and attenuation averaged 67% (± 24% SD) of inputs across all sites. Although N inputs explain a large portion of the variability, our results emphasize the importance of both inter-and intra-land use variability in landscape-scale N budgets.
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In Situ Measurement of Nitrate Flux and Attenuation Using a Soil Passive Flux Meter
Amanda Desormeaux, Michael D. Annable, Dean Dobberfuhl, and James W. Jawitz* C alculating long-term trends and trajectories in catchment-scale N balances (David et al., 2010; Goyette et al., 2016; Van Meter and Basu, 2017) requires knowledge of excess N inputs to the landscape. Surface loading can be estimated from fertilizer sales or literature estimates for different land uses (Eller and Katz, 2017) , but estimating the fraction of the surface loading that reaches the groundwater is subject to large uncertainty. Although net anthropogenic N inputs are commonly used as a proxy for N inputs to groundwater (Hong et al., 2011; Van Meter et al, 2016) , direct measurements of soil nitrate fluxes below the root zone are critical for quantifying actual nitrate leaching and attenuation as an independent validation of catchment-scale N budgets.
Traditional methods to measure nitrate movement in soils, including cores and suction or drainage lysimeters, are recognized to have significant limitations (Weihermüller et al., 2007; Zotarelli et al., 2007) . Soil cores do not allow for cumulative flux measurements, instead providing only individual temporal snapshots of nitrate concentrations. Suction lysimeters collect less mobile soil water and are not representative of macropore flow (Landon et al., 1999; Toosi et al., 2014) . Drainage lysimeters allow for cumulative measurement of mobile soil water (Landon et al., 1999; Zotarelli et al., 2007) , but flow divergence around the lysimeter can result in drainage collection efficiencies <50% (Zhu et al., 2002) . Additional drawbacks of drainage lysimeters include costly construction, labor-intensive installation, and frequent sampling. Passive wick lysimeters are an alternative to drainage lysimeters that minimize divergence by avoiding the development of a saturated layer at the base of the lysimeter (Holder et al., 1991) . The addition of a control tube above the wick can help control both divergence and convergence (Gee et al., 2009 ), but wick lysimeters still require frequent sampling.
Ion-exchange resin columns are recognized as an effective method for solute mass balances (Weihermüller et al., 2007) and have been used to measure solute fluxes in situ across a broad range of soil types and land uses (Predotova et al., 2011; Ventura et al., 2013; Grahmann et al., 2018) . Soil ion-exchange resin columns generally consist of a polyvinyl chloride (PVC) column filled with resin or a resin-sand mixture, with a mesh lining at the base (Susfalk and Johnson, 2002; Lang and Kaupenjohann, 2004; Willich and Buerkert, 2016) . The resin adsorbs and accumulates ions from the soil solution through a known cross-sectional area (Lehmann et al., 2001; Susfalk and Johnson, 2002) , resulting in temporal integration of solute fluxes during the deployment period.
Although ion-exchange resin columns avoid many of the pitfalls associated with alternative methods to measure solute fluxes (Weihermüller et al., 2007) , textural differences between resin and native soil introduce hydraulic discontinuities that can result in flow divergence (bypassing of the resin column by infiltrating water) or convergence (water entering the resin column from an infiltration area greater than the column cross-sectional area). Here, the effect of the device on soil water flux and solute recovery is described in terms of a convergence factor (c) defined as the ratio of the soil surface area that contributes recharge to the device and the column cross-sectional area. Values of c > 1 indicate flow convergence, whereas c < 1 indicates divergence, and the ideal desired state is c = 1. The few studies using ion-exchange resin columns that have evaluated solute recovery have reported suboptimal values of c < < 1. Siemens and Kaupenjohann (2004) reported c = 0.06, based on recovery of surface-applied tracer, from 12-cm-long resin boxes with a 200-cm 2 cross-sectional area filled with a 1:1 volumetric ratio mixture of resin and native soil placed between fiberglass pads, whereas Lehmann et al. (2001) found 0.005 < c < 0.47 for 10-cm-long PVC columns with diameters of 2.5, 10, and 20 cm filled with a 1:4 volumetric ratio mix of resin and quartz sand. Ion-exchange resin columns occasionally include a layer of sand (Susfalk and Johnson, 2002; Predotova et al., 2011) or glass beads (Ventura et al., 2013) above the resin layer, but the effect of these design modifications on recovery efficiencies have not been reported. Gee et al. (2002) found that in numerical simulations, extending the height of a divergence column minimized water divergence around a 10-cm-diam. column in sandy soils, suggesting that extending the column above the resin layer could improve recovery efficiency.
Soil resin columns passively integrate the solute flux that traverses the device during the deployment duration, and we thus refer to them as soil passive flux meters (SPFMs), as analogs to other passive flux meters for groundwater (Hatfield et al., 2004; Cho et al., 2007) and surface water (Klammler et al., 2007) . We designed a SPFM to quantify soil N fluxes in sandy, unsaturated soils with the objectives of minimizing flow divergence and maximizing solute recovery. We incorporated elements from previous designs, including using a 1:1 mixture of resin and native soil (Siemens and Kaupenjohann, 2004) , housing the mixture in a 10-cm-diam. PVC column (Lehmann et al., 2001 ) and extending the column height above the resin layer to minimize soil water divergence (Gee et al., 2002) . We hypothesized that mixing resin with native soil at 1:1 volumetric ratio would avoid the buildup of a saturated layer above the resin-soil layer while maintaining nitrate retention capacity of at least an order of magnitude greater than the expected nitrate load. We also hypothesized that the additional modification of extending the height of the column above the resin layer would minimize flow divergence and therefore improve column recovery efficiency (i.e., c closer to 1 than with no extension). We evaluated the column recovery efficiency based on mass recovery of a conservative tracer.
We tested and validated our modified design in a series of numerical simulations and laboratory-and plot-scale experiments. We also tested the SPFMs in a catchment-scale field deployment at nine sites with three land uses with known N inputs across a mixed land use springshed in Florida to obtain in situ measurements of average soil nitrate fluxes and attenuation in the upper 30 cm of soil. We compared the measured fluxes and attenuation with expected ranges based on literature values.
Materials and Methods

Laboratory Moisture Profile Experiment
A 10-cm ´ 90-cm soil column was constructed using 10-cm ´ 5-cm acrylic column sections that were stacked and sealed with silicone. A mesh liner was clamped to the bottom of the column, and Arredondo fine sand (loamy, siliceous, semiactive, hyperthermic Grossarenic Paleudult) was wet packed in the bottom 30 cm of the column (z = 60-90 cm below the column surface). A mesh liner was sealed between the two column sections (z = 60 cm), and an additional 30 cm of soil was wet packed above the second liner (z = 30-60 cm), which was included to assess the effects of the mesh liner on the moisture profile. A third mesh liner was sealed between the final two column sections (z = 30 cm), and a 1:1 volumetric mix of Purolite A520-E anion exchange resin and soil was wet packed into the column (z = 20-30 cm), followed by soil to the top of the column (z = 0-20 cm).
Water was applied to the column surface at 22.
). Once a steady state was reached such that the measured outflow matched the applied inflow, after ?7 d, a single application of a 150-mL solution of 80 g KNO 3 L
−1 was applied to the surface of the column, followed by a final 2 d of water application, resulting in a total time of 9 d. The column was quickly disassembled, and the volumetric water content was measured gravimetrically for each 5-cm section. After drying for water content measurements, 5-g aliquots (n = 3) were eluted from each section using 50 mL of 2 M KCl, and the extracts were analyzed for NO 3 -N using USEPA Method 353.2 (USEPA, 1993).
HYDRUS Simulations
The laboratory-measured steady state soil moisture profile was compared with results from a one-dimensional numerical model with HYDRUS-1D (Šimůnek et al., 2006) . A singleporosity hydraulic model with no hysteresis was used to simulate water flow. The model domain and boundary conditions were set to emulate the laboratory experiment, with 10 cm of resin placed 30 cm below the surface in a 90-cm column of native soil (Arredondo fine sand), and irrigation applied at 22.75 cm d −1 for 7 d, with free drainage at the bottom of the column. Van Genuchten parameters (Table 1) were estimated from neural network predictions (Rosetta Lite version 1.1; Schaap et al., 2001) using soil texture (NCSS, 2018) and moisture release curve data determined using traditional methods (Richards, 1941) for the soil (q 33kPa = 0.06, q 1500kPa = 0.02), and texture (100% sand) and saturated water content (q s = 0.42) for the resin as input data. Geotextile data from Nahlawi et al. (2007) were used to estimate hydraulic parameters for the mesh liner (Table 1) .
Additionally, two-dimensional axisymmetric modeling was performed in a 50-cm radius ´ 50-cm length domain with HYDRUS-2D (Šimůnek et al., 2006) to evaluate the effect of column extensions above the resin layer on the convergence factor (c) for a range of soil-resin textural differences. A 5-cmdiam., 10-cm-long resin layer was placed 40 cm below the surface. The PVC cylinder that contained the resin was simulated as an impervious barrier, and simulations were conducted with and without 10-cm extensions of the column above the resin layer using a Crank-Nicholson time weighting scheme and Galerkin Finite Elements space weighting scheme. For consistency with field tests described below, after initiation of steady state water flow at 5 cm d −1 with free-drainage at the lower boundary, a solute pulse was applied at loading rate L = 148 kg ha −1 followed by irrigation for an additional 2 d. The tracer was nonsorbing to the native soil (partitioning coefficient K d = 0) but was strongly sorbed to the resin (K d = 1000 mg kg −1
). The soil and resin hydraulic parameters are shown in Table 1 . The parameters a and n were held constant for the soils, while these parameters for the resin were changed systematically. Convergence factor (c) was determined as the ratio of the mass of tracer adsorbed to the SPFM (M s ) to the mass of tracer applied directly over the column (M a ). For the simulations, M s was calculated as the difference between the cumulative surface-applied and drained tracer mass, and M a was calculated as the product of the loading rate of the solute pulse (L = 148 kg ha −1 ) and the cross-sectional area of the SPFM (A s = 81 cm 2 ). This assumes no tracer is leached through the resin, thus requiring a tracer application well below the expected breakthrough point of the resin.
Plot-Scale Conservative Tracer Test
After simulating the possible range of c values, a tracer test was designed to measure c in the field. The SPFMs were constructed using 20-cm lengths of 10-cm-diam. PVC, with drain cloth stretched over the bottom and secured with a pipe clamp. Four SPFMs were installed 30 cm below the ground surface (bgs) in a 1-m 2 plot (Candler sand [hyperthermic, uncoated Lamellic Quartzipsamments]) at the University of Florida Teaching Farm. To minimize flow path disturbance, the top 20 cm of soil were excavated from the surface as an intact 20-cm ´ 20-cm core using a drain spade and then replaced once the SPFM had been deployed. Similarly, soil below this depth was excavated using a soil auger and was replaced over the SPFM in the original order. The resin layer was the bottom 10 cm of the SPFM and comprised soil from 40 to 50 cm bgs mixed at 1:1 volumetric ratio with 150 g of Purolite A520-E anion exchange resin that had been triple-rinsed with deionized water and then air dried. The top 10 cm of the SPFM comprised soil from 30 to 40 cm bgs that was replaced over the resin-soil layer. Contact was ensured between the SPFM bottom drain cloth and the soil at the bottom of the excavated holes.
After column installation, the plot was irrigated at 5 cm d , resulting in a total of 30 cm of irrigation. The columns were left to drain for one additional day and were excavated 9 d after installation. All resin samples were air dried and weighed, and 5-g aliquots were extracted using 50 mL of 2 M KCl and analyzed for Br − using USEPA Method 300.1 (Campisano et al., 2017) .
Nitrate Flux Measurements
Study Area
The catchment-scale testing was performed in the 1300-km 2 Silver Springs springshed, in Marion County, Florida. The SPFMs were deployed in the field sites to quantify N fluxes and attenuation in the surface 30 cm of soil across a range of land uses and N application rates. Nine field sites were selected, with three each in crop, pasture, and urban land uses to represent the range of typical practices (e.g., N rate and timing) within each land use.
Each site was instrumented with five SPFMs, deployed from June to September 2017 (120 d) to capture wet-season leaching, and an additional five columns deployed from September 2017 to June 2018 (245 d) to capture dry-season leaching. The results from both seasons were summed to obtain integral measures of leached N and attenuation of surface inputs in the upper 30 cm. Nitrogen inputs were calculated for each location (Table 2) based on fertilizer records, stocking rates, and literature estimates for livestock N excretion. In addition to the inputs listed in Table 2 , atmospheric deposition for the deployment period was estimated as 7.7 kg N ha −1 yr −1 for the entire springshed using the Total Deposition (TDEP) model output for 2011 to 2015 (NADP, 2016) . Soil columns were constructed, installed, retrieved, and analyzed as described above. Conservative tracer was applied at each site (L = 100 kg ha −1 Br − ), and raw nitrate flux measurements were divided by the site-specific c as a correction factor to account for soil water convergence. Nondetects were recorded as one-half of the load detection limit, which was determined to be 0.32 kg NO 3 -N ha −1 from 10 replicate blank resin samples. Attenuation was calculated as the difference between the known inputs and measured output (nitrate leaching).
Site Descriptions
The Crop 1 site was an established bermudagrass hay [Cynodon dactylon (L.) Pers.] field, which was fertilized in June 2017 and January 2018. The Crop 2 site was planted with peanut (Arachis hypogaea L.) in June 2017 and fertilized at planting, followed by an unfertilized triticale cover crop. Biological N fixation was estimated to be 186 kg N ha −1 for the peanut crop (Chu et al., 2004; Pimratch et al., 2008; Dubeux et al., 2017) . The Crop 3 site was initially planted with sunflower (Helianthus annuus L.) in June 2017 and a single application of N fertilizer was banded at planting. In August 2017, the sunflower crop was disced into the soil, and an unfertilized triticale cover crop was planted. Site location, soil type, and N application rates are described in Table 2 .
Pasture 1 and 2 sites were horse pastures stocked at 2.5 horses ha −1
. No fertilizer was applied at either site and manure and urine patches were randomly distributed throughout the field. Additionally, stockpiled manure and stall bedding from 24 horses was broadcast uniformly across the 1.2-ha Pasture 2 site every 60 d. The Pasture 3 site was a cattle pasture stocked with 60 cow-calf pairs on 10 ha and a single application of fertilizer was applied at Pasture 3 in June 2017. The cattle were rotated to a different field in September 2017 and the field was unoccupied during the remainder of the deployment period. We used horse, beef cow, and beef calf excretion rates of 0.14, 0.16, and 0.13 kg N d −1 (Hubbard et al., 2004; ASABE, 2010) to estimate total manure N applied during the deployment period ( Table 2) .
The Turf 1 site was an unfertilized bahiagrass (Paspalum notatum Flueggé), Turf 2 was planted with 'Tif Tuf ' bermudagrass (C. dactylon ´ C. trunsvaalensis Burtt-Davy), and Turf 3 was a golf green planted with SeaDwarf seashore paspalum (Paspalurn vaginaturn Swartz). Turf 2 received three applications of fertilizer in June 2017, October 2017, and February 2018, whereas fertilizer was applied biweekly to Turf 3 from June through September 2017 and March through June 2018.
Expected Nitrogen Leaching
We categorized each site according to a hypothesized expected nitrate leaching based on literature values for similar cropping systems, the magnitude of N inputs, and land use intensity. Considering the high uncertainty in estimating nitrate leaching, we used a general categorization of low (0- ). We expected low nitrate leaching in perennial grass systems with low N applications, due to year-round established root systems and high denitrification potential (Gold et al., 1990; Di and Cameron, 2002; Wang et al., 2014; Herrmann and Cadenasso, 2017) . This included Turf 1, the unfertilized turf grass site, Turf 2, the turf grass site fertilized at the University of Florida Institute of Food and Agricultural Sciences recommended rate for turf, and Pasture 1, the unfertilized horse pasture with low manure inputs.
We expected moderate nitrate leaching in perennial grass systems with moderate to high N applications, such as Turf 3, the fertilized golf green, and Crop 1, the fertilized hay crop. Although established perennial grass systems typically leach <5% of applied N when fertilized at or below recommended N rates (Barton and Colmer, 2006) , high N application rates can lead to substantial N leaching losses in these systems (Wong et al., 1998; Shuman, 2001; Agyin-Birikorang et al., 2012a) . We also expected moderate leaching from Crop 3, the sunflower crop. Excess soil N is vulnerable to leaching during periods of low plant demand, which characterize the preemergence and postharvest periods of annual cropping systems (Crews and Peoples, 2005; Syswerda et al., 2012) . Fertilizer was applied to the sunflower crop in a single application preemergence and the crop was mowed down and disced into the soil at the end of the season, so we expected moderate N leaching due to the asynchrony between N supply and crop demands.
We expected nitrate leaching to be highest in land uses with high N inputs and/or harvested crops characterized by periods with no plant cover after harvest. In peanut production systems, the seeds/pods are removed from the plants during harvest and the vegetative-root biomass is left in the field. Sandy soils and warm temperatures that characterize northern Florida are ideal conditions for rapid organic matter mineralization and subsequent nitrification, which can result in high N leaching loads postharvest (Prasad et al., 2015) . In previous studies under nodulating peanut plants at this location, total vegetative and root N ranged from 92 to 139 kg N ha −1 without fertilization, and 97 to 145 kg N ha −1 when fertilized at 60 kg N ha −1 (Selamat and Gardner, 1985) . High nitrate fluxes were therefore expected for the peanut crop (Crop 2) despite a very low fertilizer N application, since the majority of fixed N was left in the field after harvest, followed by a period without plant cover. While longterm grazed pastures can act as a temporary sink for N, this N can be rapidly cycled into mobile forms. Additionally, fertilizer applications have been shown to enhance mineralization in long-term pasture systems (Gill et al., 1995) . The cattle pasture (Pasture 3) had been subjected to high long-term N inputs from manure and urine, but fertilizer was applied for the first time during the measurement period. We therefore expected high leaching rates in this system. Similarly, we expected high nitrate leaching in Pasture 2 due to long-term high N inputs and low N retention capacity of the sandy soil.
Results and Dicussion
Laboratory Soil Moisture Experiment and Numerical Modeling
Measured and simulated soil moisture were in good agreement (R 2 = 0.94, Fig. 1) . A coarse-textured soil underlying a finer-textured soil creates a capillary barrier effect (Stormont and Anderson, 1999) , and this effect increases with the coarseness and uniformity of the underlying soil (Baker and Hillel, 1990). As hypothesized, mixing the resin with native soil avoided the buildup of a saturated zone above the resin by minimizing particle size discontinuities. This is important, as a saturated layer above the resin creates conditions favorable for denitrification, which could influence measured N fluxes. The resin-soil mixture retained 1.6 g NO 3 -N without breakthrough, equivalent to a load of 2000 kg N ha −1 . This is consistent with previous work that showed high nitrate retention of this resin, even in the presence of Cl − and SO 4 2− ions (Samatya et al., 2006; Nur et al., 2014) . The measured retention in this and previous studies is an order of magnitude greater than the highest expected leaching fluxes at the field sites, suggesting that the capacity of the resin is sufficient for a landscape-scale field deployment in the study area. Also as hypothesized, in HYDRUS simulations, extending the impermeable column to house 10 cm of native soil above the resin layer reduced the sensitivity of the convergence factor (c) to changes in the hydraulic properties of the resin layer (Fig. 2) . These simulations show that textural discontinuities between the resin layer and surrounding soil, represented here as differences in the soil hydraulic parameters a and n, result in c = 1. When either hydraulic parameter a or n are greater in the resin than the surrounding soil, there is a divergence of water around the column. Conversely, when a or n are lower in the resin than the surrounding soil, there is a convergence of water through the column. Only when the parameters are equal in the soil and resin does c = 1. As shown in Fig. 2 , c is more sensitive to changes in a with or without the column extension. However, the magnitude of these effects was reduced when the impermeable column was extended 10 cm, as reflected in the reduced slope in Fig. 2 for both parameters.
Plot-Scale Conservative Tracer Test
The measured convergence factor for the plot-scale conservative tracer test was c = 1.3 (± 0.2). Although our design minimized divergence compared with previous ion-exchange resin designs (Lehmann et al., 2001; Siemens and Kaupenjohann 2004) , the slight convergence of soil water through the column suggests that the effect of textural differences was not eliminated completely by our design modifications. Tracer application experiments are therefore critical for accurate interpretation of fluxes measured using ion-exchange resin columns.
Catchment-Scale Nitrate Flux Measurements
Based on 45 SPFMs deployed at nine sites, field-scale convergence mean and SD was c = 1.1 ± 0.3 and was not significantly different between the different land uses (one-way ANOVA, p = 0.16). These results suggest that our 10-cm extension of the impermeable column above the resin layer helped bring the measured c values closer to 1 across a range of soil properties.
The SPFM-measured NO 3 -N leaching fluxes were positively correlated with N inputs (R 2 = 0.55, p < 0.05), which is consistent with previous findings in this region (Prasad and Hochmuth, 2016) . The flux was 81 (± 92) kg NO 3 -N ha −1 yr −1 across all sites, and 23 (± 31), 69 (± 26), and 152 (± 139) kg NO 3 -N ha −1 yr −1
, respectively, for turf, crop, and pasture land use types. The CV within land uses was relatively high (140, 38, and 91% for turf, crop, and pasture), suggesting that the within-land use differences are important. Mean attenuation was 90% (± 4%), 53% (± 25%), and 60% (± 36%), respectively, for turf, crop, and pasture sites. The high intra-land use variability illustrates that land use type alone is insufficient to categorize nitrate fluxes and attenuation, as they are heavily influenced by site-specific land management practices.
Crop Fluxes and Attenuation
The SPFM-measured flux from the hay field (Crop 1) represented a large percentage of the applied fertilizer (Table 2) . However, this site had relatively high soil organic matter (4%), and it is likely that soil N mineralization contributed additional N to the system. Previous studies of forage systems in coarsetextured soils found low N uptake efficiencies (13-30%), low N accumulation in the surface soil, and high soil nitrate concentrations below the root zone when fertilized at high annual rates such as at our field site (Woodard and Sollenberger, 2011; Agyin-Birikorang et al., 2012b) .
The SPFM-measured N fluxes under peanut (Crop 2) were comparable with vegetative and root N stocks, which were incorporated into the soil after harvest. Similarly, sunflower was unharvested and incorporated into the soil, leaving the vegetative N to mineralize in the field. The warm temperatures and high rainfall during summer months are ideal conditions for mineralization and nitrification, so this fate is likely for much of the N taken up by the plants. Our results suggest that organic N from vegetative and root biomass is rapidly cycled and transformed to nitrate in this system and can be leaching during the period after harvest.
Pasture Fluxes and Attenuation
Nitrate leaching at the unfertilized horse pasture (Pasture 1) was below the SPFM detection limit. Although we expected nitrate leaching to be low at this site, there is also a possibility that the area sampled by SPFMs was too small to capture nitrate fluxes in land uses that are subject only to randomly distributed patches of manure and urine. For example, in simulations of random distributions of urine patches, Lilburne et al. (2012) found that nitrate leaching estimates for five resin columns of 113-cm 2 surface area distributed in a 1-ha field would have an error of >20%, based on the probability of sampling under a urine or manure patch. Our 81-cm 2 SPFMs are ?30% smaller those in the simulations; thus, we expect similar or larger uncertainty.
As expected, nitrate leaching was highest in Pastures 2 and 3 (180 and 270 kg N ha −1 yr −1 ). These rates are similar to previous studies of nitrate leaching in high-input pasture systems (Di and Cameron, 2007) . Pasture 2 was subject to year-round, uniform application of high rates of stockpiled manure with no exports of N through hay or livestock. All N applied to the soil surface is therefore recycled between the grass, horse, and soil or lost to the atmosphere or via leaching. At Pasture 3, three of the five wet-season N load measurements were exceptionally high (mean = 242 kg N ha ). It is possible that three SPFMs intercepted N leached directly below a manure or urine patch, as these results are similar to leaching loads measured directly under cattle urine patch areas (Di and Cameron, 2007) . Additionally, the cattle were removed from the area during the dry-season deployment, resulting in a much lower SD of leaching loads during the dry-season deployment (21 kg N ha ).
Urban Fluxes and Attenuation
As expected, nitrate leaching was low in the low-and moderate-intensity turf systems (Turf 1 and 2), and moderate in the high-intensity turf system (Turf 3). Land use type had a significant effect on N attenuation (p < 0.01, one-way ANOVA), and attenuation in turf sites was significantly greater than pasture or crop sites (Tukey's post hoc comparisons). Across all turf sites, mean nitrate attenuation was 90 ± 4% (Table 2) , which is consistent with previous studies that show turf systems are highly efficient at attenuating N inputs, especially during the summer months (Barton and Colmer, 2006; Carey et al., 2012) . The relatively low variability of turf attenuation, compared with crop and pasture, suggests that general categorization of urban turf is likely sufficient when scaling estimates up to the catchment scale.
Measured versus Expected Nitrogen Leaching and Attenuation
The SPFM-measured nitrate leaching is shown in Fig. 3 for all nine sites, categorized by the expected leaching ranges. The mean nitrate leaching fluxes measured at the nine sites ranged from 0 to 270 kg N ha −1 yr −1 and were positively correlated with N inputs (R 2 = 0.55, p < 0.05). Although our assessment of expected nitrate leaching was in good agreement with measured values, the magnitude of measured nitrate leaching was greater than our expectations. This is likely due to the high frequency and magnitude of rainfall events, as recharge is positively correlated with nitrate leaching across the United States (Liao et al., 2012) , as well as site-specific drivers discussed above (e.g., the rate and timing of N inputs). Mean N attenuation was 67% of inputs across all land uses. This value represents the sum of crop uptake, gaseous losses, and soil N accumulation. Although N use efficiency (the ratio of crop N uptake to total N inputs) is almost certainly lower than the N attenuation measured in this study, gaseous losses and soil N accumulation are likely negligible in our study sites due to the wellaerated, sandy soils with low organic matter content (soil organic matter = 3 ± 0.9%). Assuming our attenuation measurements are dominated by crop uptake, these results are comparable with the global average N use efficiency of 47% and within the range (?50-70%) reported for the United States (Lassaletta et al., 2014) . Although the total leached N load is dominated by nitrate across a wide range of systems (Wachendorf et al., 2005) , dissolved organic N (DON) leaching has been observed in agricultural and turf systems (van Kessel et al., 2009) . Because the SPFMs measured only nitrate flux, total N attenuation is subject to some uncertainty due to the unknown fraction of total inputs leached as DON and NH 4 -N. In systems with a high contribution of DON to total N leaching fluxes, total N attenuation could be lower than measured by the SPFMs. Assuming that DON comprises an average of 26% of total N leaching (van Kessel et al., 2009 ) results in an average attenuation of 86% (± 5%), 41% (± 32%), and 49% (± 45%) for turf, crop, and pasture (i.e., attenuation rates that are 26% lower than when based on nitrate alone). Our results suggest that although N inputs explain a large portion of the variability in nitrate leaching, site-specific land use characteristics allow us to better categorize expected nitrate leaching for each site and should be accounted for in landscape-scale N budgets.
A majority of the cumulative nitrate leaching occurred in the 120-d wet season for all land uses (58 ± 24% SD across all annual average fluxes). Higher nitrate fluxes are also expected during the wet season because of greater rainfall. Of the 180 cm of rainfall during the deployment period (compared with the 10-yr average [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] [2017] of 110 cm, from the Florida Automated Weather Network, https://fawn.ifas.ufl.edu/), 95 cm occurred during the 120-d wet-season deployment (compared with the 10-yr average [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] [2016] [2017] JuneSeptember rainfall of 61 cm). In addition to high rainfall, the majority of total N inputs were applied during the wet season deployment period (57 ± 30% SD across all sites). Leaching events are ultimately driven by rainfall in excess of the soil water-holding capacity, but the mass of N leached is ultimately driven by surplus N available in the soil. Measured nitrate leaching fluxes were likely greater than average due to these relatively high-frequency (mean interarrival time = 1.3 d) and high-magnitude (mean intensity = 1.4 cm d −1 ) rainfall events during the 2017 summer wet season paired with the large summer N applications.
Conclusions
We developed a SPFM that is based on a modified ionexchange resin column design capable of measuring nitrate loads between 0.3 and 2000 kg N ha −1 . Critical SPFM design elements include mixing ion-exchange resin with native soil to minimize textural discontinuity, extending the impermeable column that contains the resin to at least 10 cm above the resin layer, and applying a conservative tracer during field deployments to validate the convergence factor. We measured soil nitrate fluxes from 1 to 300 kg N ha −1 yr −1 and 67% in situ attenuation (mean across all sites) determined from the difference between known N inputs and SPFM-measured N fluxes. We found inter-and intra-annual variability across land uses, and the seasonality of N inputs and rainfall to be important drivers of N leaching fluxes. We conclude that SPFMs provide low-cost, robust, and accurate measurements of soil nitrate leaching. When N inputs are known, SPFMs also allow for measurement of in situ nitrate attenuation. This method can be used to estimate catchmentscale N attenuation for specific land use types, thus making a significant contribution toward closing N budgets. ) and were reported as half the detection limit.
